Abstract The expression of heat-shock protein 60 (also known as chaperonin 60, Cpn60) in experimental acute pancreatitis (AP) is considered to play an active role in the prevention of abnormal enzyme accumulation and activation in pancreatic acinar cells. However, there are controversial results in the literature regarding the relationship between the abnormality of Cpn60 expression and AP onset and development. The purpose of this study was to investigate the alternations of Cpn60 expression and the relationship between the abnormal expression of Cpn60 and AP progression in rat severe acute pancreatitis (SAP) models. In this report, we induced SAP in Sprague-Dawley (SD) rats by reverse injection of sodium deoxycholate into the pancreatic duct, and examined the dynamic changes of Cpn60 expression in pancreatic tissues from different time points and at different levels with techniques of real-time PCR, western blotting, and immunohistochemistry. At 1 h after SAP induction, the expression of Cpn60 mRNA in the AP pancreatic tissues was higher than those in the shamoperation group and normal control group, but decreased sharply as the time period was extended, and there was a significant difference between 1 h and 10 h after SAP induction (p<0.05). In the AP process, Cpn60 protein expression showed transient elevation as well, and the increased protein expression occurred predominantly in affected, but not totally destroyed, pancreatic acinar cells. As AP progressed, the pancreatic tissues were seriously damaged, leading to a decreased overall Cpn60 protein expression. Our results show a complex pattern of Cpn60 expression in pancreatic tissues of SAP rats, and the causality between the damage of pancreatic tissues and the decrease of Cpn60 level needs to be investigated further.
Introduction
Heat-shock proteins (HSPs) are a group of highly conserved proteins; and in a number of cases, they can be stimulated by stress to initiate or to boost production. HSPs not only constitute the important component of the cell response to stress, but also participate in a variety of physiological functions of the cell, such as participation in protein synthesis, degradation, folding, and transport (Deocaris et al. 2006; Horwich et al. 2001; Lu and Li 2007) . HSP60, also known as chaperonin 60 (Cpn60), a molecular chaperone in the HSPs family, is encoded by nuclear genes, and mainly functions to assist newly formed peptides to fold or assemble correctly (Levy-Rimler et al. 2002; Schafer and Williams 2000) .
In normal pancreatic tissue, Cpn60 is expressed to a certain extent. It not only exists in the mitochondria of pancreatic acinar cells, but also presents in the rough endoplasmic reticulum (RER), in Golgi body (G), in zymogen granules (ZG) , and in the secretory pathway of pancreatic enzymes in acinar cells (Li et al. 2003; Cechetto et al. 2000) . It is thought that Cpn60 residing in the mitochondria plays a different role from that of the protein located in the RER-G-ZG Keskin et al. 2002) . Studies have found that along the secretory pathway, there is a quantitative correlation between Cpn60 and pancreatic enzymes such as lipase, amylase, and trypsin (Bruneau et al. 2000; Li et al. 2003) .
Moreover, studies reported that the induced high expression of Cpn60 by a variety of experimental methods offered a certain degree of protection for pancreatic tissues and reduced the inflammation in the pancreas (Takacs et al. 2002; Hennequin et al. 2001; Lee et al. 2000) . However, due to the variety of replication methods for the acute pancreatitis (AP) animal model, the pathogenesis varies, as do the changes of HSPs and Cpn60 (Ethreidge et al. 2000; Rakonczay et al. 2002a; Tashiro et al. 2002; Krueger et al. 2001 ). In our earlier work, we found that in the severe acute pancreatitis (SAP) rat model induced by retrograde injection of sodium deoxycholate into the pancreatic duct, the amount of Cpn60 protein was significantly lower in the RER, Golgi, and ZG of pancreatic acinar cells at 5 h after SAP replication, while the levels of pancreatic chymotrypsin and lipase remained high. We hypothesized that Cpn60 may have an important protective function during the AP process, and the resultant imbalance between the pancreatic enzymes and Cpn60 may play a role in the intracellular activation of the enzymes and digestive damage of pancreatic tissues (Li et al. 2003; Li and Bendayan 2005) . These fresh but controversial results have prompted interest in further studies on the relationship between Cpn60 expression and AP onset and development. Here, we replicated SAP in rats and observed the expression of Cpn60 in rat pancreatic tissue from different time points and at different levels, using procedures of real-time PCR, immunohistochemistry, and western blotting, with the objective to investigate the alternations of Cpn60 expression and the possible relationship between the abnormal expression of Cpn60 and AP progression in rat SAP models.
Materials and methods

Animals
Sixty-three Sprague-Dawley (SD) rats (220-250 g each) of both sexes were purchased from the Experimental Animal Center of Fudan University (Shanghai, China). The animals were housed for 1 week under standard conditions with free access to water and lab chow. Prior to the experiment, the rats fasted overnight with only water allowed, and were randomly divided into a SAP group (n=27), a shamoperated group (sham, n=27) and a normal control group (control, n=9). The experimental procedures for rats below were approved by the Animal Ethics Committee of Tongji University, Shanghai, China. All efforts were made to minimize animal suffering and to reduce the number of animals in the experiments.
The experimental models were prepared as follows: SAP models were replicated based on a slightly modified procedure of the method reported by Li et al. (2003) . Under aseptic conditions, the rats were injected intraperitoneally with 3% sodium pentobarbital for anesthesia (0.1 ml/100 g body weight). The abdominal cavity of the rats was then opened with a 3-cm epigastric median incision, and 3% sodium deoxycholate (0.1 ml/100 g body weight) was retrogradely injected via the pancreatic-duct opening at the duodenum into the pancreas with injection velocity 0.2 ml/min. Meanwhile, the common bile duct was clipped near the hepatic portal. After the injection, the point of injection was pressed for 1-2 min to avoid bleeding and leakage, followed by a lifting of the blocked bile duct and a stratified closing of the abdominal incision. The rats in the sham group proceeded with the same surgery procedure but without the retrograde injection of sodium deoxycholate.
Tissue collection
At 1-, 5-, 10-h intervals after the surgery, nine rats from the SAP group and the sham group, and nine normal rats were sacrificed with overdosed anesthetics (the nine normal rats were sacrificed together with the rats of 1 h SAP group). The tail part of the pancreas was quickly removed from each rat through the abdominal incision and used in the following experiments: routine pathological examination, real-time PCR, western blot, and immunohistochemical detection for Cpn60 expression. The blood samples from rats were collected by cardiac puncture and centrifuged, and the serum samples were used for amylase assay.
Measurement of amylase activity in serum
The assay of amylase activity in the samples of the serum was performed according to the manufacturer's protocol of the amylase assay kit (Jiancheng Technology, China).
Pathological examination
The pancreatic tissue was fixed in 10% formalin, freezesliced, paraffin-embedded, and stained with hematoxylin and eosin (HE staining). The slides were observed under a light microscope for pathological changes, and scored for semi-quantitative assessment using reported literature (Schmidt et al. 1992 ).
Real-time PCR detection of Cpn60 mRNA expression After removal from the rats, the pancreatic tissues were immediately put into a homogenizer filled with liquid nitrogen and ground into white powders while fresh liquid nitrogen was continuously added in order to minimize the RNA degradation. Trizol reagent (Invitrogen, USA) was then added (approximately 75 mg tissue per milliliter Trizol) and total RNA was extracted from these homogenized tissues following the protocol recommended by the manufacturer. The RNA was then measured on a spectrophotometer for purity and quantity, and electrophoresed on formaldehyde agarose gel for integrity. Total RNA (3 µg each) from every RNA preparation was used as a template for reverse transcription to cDNA with Reverse Transcription System (Promega, USA), following the manufacturer's recommended procedure, with the addition of primer. Since mRNAs in pancreatic tissues, especially during pancreatitis, are extremely vulnerable for degradation, 0.7 µl oligo dT plus 0.3 µl random primer were used such that partially degraded mRNA might be reverse-transcribed as well.
After completion of the reverse transcription reaction, the cDNA reaction mixture was diluted 100 times, and applied in real-time PCR using SYBR Primix Ex TaqTM Kit (Takara, Japan). The real-time PCR reaction contained diluted cDNA template, 10 μl, 2× reaction mixture, 12.5 μl, Cpn60 primer mixtures 1 μl (10 pmol each primer; Invitrogen, USA), with DEPC-treated H 2 O added to total volume of 25 μl. Reactions were performed in a Quantitative PCR Instrument (Rotor Gene™, USA) with a "hot start" program: 95°C×10 s incubation; followed by 40 cycles 95°C×5 s, 60°C×15 s, 72°C×15 s. GAPDH was included in each reaction as an internal standard. Cpn60 forward primer sequence was 5′-ggctatcgctactggt-3′ and reverse primer 5′-gcaagtcgctcgttca-3′, resulting in a 237-bp amplicon fragment; GAPDH forward primer sequence was 5′-accacagtccatgccatcac-3′ and reverse primer 5′-tccac caccctgttgctgta-3′, resulting in a 452-bp amplicon fragment. The relative expression of Cpn60 mRNA was represented as the percentage of normal control with the individual ratio of the Cpn60 amplified cycle threshold (CT) value against the respective GAPDH-amplified CT value.
The detection of Cpn60 protein expression by western blotting
One milliliter protein lysis buffer (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 1% NP40, 0.1% SDS, 2 mM EDTA, 1 μl/ ml β-mercaptoethanol, 1 mM PMSF, 10 μg/ml aprotinin, all from Sigma-Aldrich, USA) was added to some 100 mg pancreatic tissue on a homogenizer, and the tissue was triturated meticulously and left on ice for 1 h until completion of the lysis reaction. The lysis mixture was then centrifuged at 10,000×g for 20 min, and the supernatant was collected and measured for protein content using Protein Quantitative Detection Kit (Bio-Rad, USA). An appropriate amount of protein was mixed with loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 0.1% phenol blue), heated at 95°C for 5 min, and put on standby on ice. Samples (50 µg each) were then electrophoresed in 4-12% NuPAGE Novex Bis-Tris Gels (Invitrogen, USA) at 100 V until the dye phenol blue reached the bottom (about 50 min). The gel was then transferred by electroblotting to nitrocellulose membrane (Whatman, USA). After blotting was completed, the membrane was blocked with 5% skim milk in TBST for 1 h, incubated with anti-Cpn60 mouse monoclonal antibody (1:8,000 dilution; product number: SPA-829, Stressgen, Canada) at 4°C overnight, washed several times with 1× TBST, and incubated again with 1:3,000 horseradish peroxidase (HRP)-labeled goat anti-mouse IgG (Jackson Immuno Co., USA) at room temperature for 1 h, TBST washed, and visualized with ECL reagent (Santa Cruz, USA). For internal reference, a monoclonal mouse anti-rat GAPDH antibody (1:5,000 dilution; Abcam, UK) was used. Gel-Pro analyzer 4.0 image analysis system (Chuangmei Co., China) was applied for analysis of the optical density of the protein bands. The relative expression quantity of Cpn60 protein was illustrated as the percentage of the optical density (OD) of Cpn60, adjusted with the corresponding GAPDH OD versus that of the normal control.
The in situ detection of Cpn60 protein expression by immunohistochemistry Using the SP method, conventional paraffin sections with rat pancreatic tissues were dewaxed in water and microwave-heated for antigen repairing. One hundred microliters of 3% H 2 O 2 /methanol was added onto each slide and incubated for 30 min at room temperature to remove endogenous peroxidase activity. The slides were then blocked at 37°C with goat serum for 30 min in a humidified chamber, and the mouse anti-Cpn60 monoclonal antibody (1:1,000 diluted) was dropped onto the tissues and incubated overnight at 4°C. Biotin-labeled goat anti-mouse IgG working fluid 50 μl (Jinqiao Bio. Co. Ltd., China) was then applied onto each slide, and the slides were incubated at 37°C for 30 min, followed by incubation with HRPlabeled streptavidin working solution 50 μl at 37°C for 30 min. There were at least three PBS rinses between incubations. Finally, slides were DAB-stained, and, after a complete tap-water rinse, were nuclear re-stained with hematoxylin, conventionally dehydrated, and mounted. In a negative control, PBS was used to replace the primary antibody.
Image analysis was accomplished by semi-quantification using digital Motic Med 6.0 image analysis system (Motic, Germany). Five non-overlapping views were selected from each slide for observation (100× amplification), and average optical density represented the positive staining intensity.
Statistical analysis
All data, represented by mean±standard deviation, were analyzed using analysis of variance (ANOVA; SPSS 12.0 software) unless stated otherwise. Statistical significance was assessed as p<0.05 (significant) or p<0.01 (very significant).
Results
After 1 h of SAP development, the pancreatic acini of rats swelled to various degrees and the pancreatic tissues showed necrosis, bleeding, and inflammatory cell infiltration. These changes worsened as time passed. The pathological changes were graded at 1 h, 5 h, 10 h as 6, 10, 13 scores, respectively (Fig. 1) . The parallel assay of amylase activity in SAP rat serum showed that, compared with that in normal control serum of rat and with that in sham groups, respectively, the enzyme activity increased significantly (p<0.01), and, in the experimental observation period, sustained at high levels (Fig. 2) . Taken together, these results indicated that the development of SAP in rats was successful
The change of Cpn60 mRNA expression in the pancreatic tissue of SAP rats showed that the Cpn60 mRNA expression in the SAP group increased significantly at the 1 h time point (p<0.05), compared to that of the sham group at the same time point. However, as time elapsed, the Cpn60 mRNA expression decreased progressively in the 5 and 10-h SAP groups. The expression of Cpn60 mRNA in the 10-h SAP group was significantly lower, compared to that of the sham group at the same time point and that of the control group (p<0.05). The expression of Cpn60 mRNA in the sham group at different time points decreased slightly compared to that of the control group, but the difference was of no statistical significance (Fig. 3) .
The protein expression of Cpn60 in the rat pancreatic tissue was shown in Fig. 4a and b. The amount of Cpn60 protein expression in the SAP group and sham groups was presented as the percentage of that in normal rat pancreatic tissue (control group), with the individual ratio of the optical density (OD) of the Cpn60 band versus the OD of the corresponding GAPDH. Compared to that of control group, the expression of Cpn60 protein showed no significant change in the sham group, but demonstrated an initial increase followed by a decrease thereafter in the SAP group. At 1 h, the expression of Cpn60 protein in SAP rats reached to 203.5±22.3% of control group (p<0.01), but the difference decreased as the SAP induction time progressed. At 5 h and 10 h of SAP induction, the expression of Cpn60 protein was no different from that of the control group. Compared to corresponding time points in the sham group, the expression of Cpn60 protein at 1 h, 5 h, 10 h SAP induction accounted for 203.5±22.3% (vs. 83.8±15.4% in the sham group; p<0.05), 114.4±11.3% (vs. 92.6±17.6% in the sham group; p>0.05), and 94.9±16.3% (vs. 91.8±
Normal SAP 1h SAP 5h SAP 10h Fig. 1 The pathological changes of pancreatic tissue in rat SAP model (HE, ×400). The pancreas of rats were removed at either 1, 5, or 10 h, fixed, paraffin-embedded, sliced, and stained with hematoxylin and eosin (HE) for microscopic observation, as described in "Materials and methods". The pancreatic acini of SAP rats swelled to various degrees and the pancreatic tissues showed necrosis, bleeding, and inflammatory cell infiltration. These changes worsened as time passed with pathological scores 6, 10, 13 at 1, 5, 10 h, respectively Fig. 2 Amylase activity in serum of rats (mean±SD, n=9; U/dl). The amylase test was performed as described in the section of "Materials and methods". The serum samples of rats were collected at 1, 5, and 10 h after SAP induction or sham operation, respectively; *p<0.01 compared with normal control group, # p<0.01 compared with sham group at the same time point 16.4% in the sham group; p>0.05), respectively. The expression of Cpn60 protein in different time points in the sham group showed no significant difference.
Just as in the change of Cpn60 mRNA expression, so too did the Cpn60 protein expression in the pancreatic tissues of SAP rats decrease as time passed. The decline of Cpn60 expression in the SAP group was sharper: there was a threefold decrease in Cpn60 expression in the mRNA level, and a 2.2-fold decrease in protein level from 1 to 10-h time points (Figs. 3 and 4b) .
The change of Cpn60 protein expression in pancreatic tissues by in situ immunohistochemical detection was shown by the fact that in the field with low magnification, the positive staining was obscure in specimens of normal rat pancreatic tissue, but evident (brown) at all time points in samples of rats from the SAP group (Fig. 5a) . Under a high magnification microscope (Fig. 5b) , it was found that in normal regions from both the normal tissues and the SAP tissues in which some parts were not yet involved, the pancreatic acinar cells showed structural integrity, lined up neatly with normal nuclear morphology, and brown granules were observed only in the cytoplasm of a small number of cells (region I in Fig. 5b ). In the area where the Fig. 3 Expression of Cpn60 mRNA in rat pancreatic tissue by real-time PCR (mean±SD, n=6). The total RNAs of rat pancreatic tissue were extracted using Trizol reagent and were used as templates for reverse transcription reactions into cDNA with Superscript™ II RT Kit, followed by real-time PCR using SYBR Primix Ex TaqTM kit. The relative expression of Cpn60 mRNA was represented as the percentage of normal control with the individual ratio of the Cpn60 amplified cycle threshold (CT) value against the respective GAPDH-amplified CT value; *p<0.01 compared with normal control group; # p<0.05 compared with sham group at the same time point Expression of Cpn60 in rats with acute pancreatitispancreatic acini were damaged, acinar cells shrank, and the cell nuclei showed different changes with chromatin margination, pyknosis, fragmentation, etc., the positive staining was mostly seen and a large number of brown granules concentrated in the cytoplasm (region II in Fig. 5b) . In zone III, of Fig. 5b , pancreatic acinar cells completely dissolved, hence, the decline in positive staining.
The immunohistochemically positive signals were measured semi-quantitatively and the average optical density (OD) represented the positive staining intensity. The results showed that Cpn60 protein expression was increased in the SAP group at different time points, compared with that in normal group (p<0.01; Table 1 ).
Discussion
Experimental studies reveal that there are changes in levels of HSPs in acute pancreatitis (AP) because of bodily and pancreatic stress (Takacs et al. 2002; Hennequin et al. 2001;  Normal SAP 1h SAP 5h SAP 10h
Normal SAP1h
SAP5h SAP10h a b Fig. 5 Expression of Cpn60 protein in rat pancreatic tissue by immunohistochemical staining (SP) in situ. a 100× magnification: normal pancreatic tissue displays no obvious positive staining while tissues in rats of the SAP group show obvious positive staining (brown granules). b 400× magnification: in area I, pancreatic acinar remains structurally intact with very few brown granules. Area II has strong positive staining with intracytoplasmic large brown granules and damaged pancreatic acinar structures, and abnormity of the cell nuclei including chromatin margination, pyknosis, fragmentation, or absence, indicating that necrosis occurred in these acinar cells. Area III shows complete necrosis and diminished positive staining Lee et al. 2000) . It was found that caerulein heightens the mRNA expression of HSPs, and lessens the HSPs protein expression in rats with AP (Strowski et al. 1997) . By contrast, different results have also been reported (Ethridge et al. 2000; Rakonczay et al. 2002b; Tashiro et al. 2002; Li et al. 2003) . This lack of agreement may be caused by the use of different AP models resulting in a variety of lesions, e.g., sodium taurocholate (TC) and arginine often induce acute necrotizing pancreatitis, while caerulein causes edema pancreatitis. The different time points of observation and sampling may be also responsible for the inconsistent results because of the dynamic changes of HSPs in the process of AP. In this study, the authors employed the SAP replication rat model and observed the Cpn60 expression in rat pancreatic tissue at different times. The results demonstrate that the expression of Cpn60 in rats with SAP, at the mRNA level, is higher than that in rats of a sham group at 1 h observation time point, and also higher than that in control rats. The expression of Cpn60 subsequently decreases sharply, as the AP course extends, and there is a significant difference in the decline between the SAP 1 h and 10 h subgroup. At the protein level, the expression of Cpn60 in the pancreatic tissues of rats increases at 1 h SAP induction also, and decreases sharply in rats of the SAP group with longer AP induction. In SAP rats with 5 or 10 h SAP induction, the expression of Cpn60 is slightly higher than those of the sham group at the same time points, but shows no significant difference compared to that of the control group. From the results of these experiments, the stress of operation did not generate a substantial change of Cpn60 expression in the pancreatic tissues of rats, as demonstrated in the sham groups, in which the expression of Cpn60 showed no significant change. However, the expression of Cpn60 changes significantly in the SAP group, increases rapidly at both mRNA and protein levels with 1 h AP induction, and decreases with 5 h or 10 h SAP induction. Noticeably, the diminishing Cpn60 expression in rats of the SAP group is obvious. Most experimental results evinced elevated expression of HSPs in pancreatic tissue during stress, representing the cell adaptive protection response, as elevated HSPs have a protective effect on the pancreatic tissue and delay the onset, to some extent, of experimental AP (Wagner et al. 1996; Seo et al. 2005; Tashiro et al. 2002; Ethridge et al. 2000; Hennequin et al. 2001; Lee et al. 2000; Grise et al. 2000) . Lee et al. (2000) have induced high expressions of Cpn60 by using flood stress, and have thus ameliorated the pancreatic edema of caerulein-induced AP, and prevented the activation of trypsin in acinar cells. Rakonczay Jr. has found that hot water immersion significantly increases HSP72 expression in rat pancreas, while cold water immersion significantly enhances Cpn60 expression. However, the high Cpn60 expression in rat pancreatic tissue provoked by pre-immersion in cold water can alleviate the pancreatic edema and increase serum enzymes in rats with TC-induced AP, while the elevated HSP72 expression stimulated by pre-immersion in hot water exhibits no evident effect on these indications (at 6 h after AP replication; Rakonczay et al. 2002a) . Combined with our present results and the investigation of Strowski et al, the rapid drop of Cpn60 protein expression in pancreatic tissue during AP is the result of, and possibly a causative factor for, the pathogenesis and development of AP as well (Strowski et al. 1997) . The pathological examination of pancreatic tissue in the study confirms that hemorrhage and necrosis were apparent 1 h after AP replication, and the scenario worsens as time passes, suggesting the possible correlation between the drop of Cpn60 protein and the severity of SAP progression. The causality, however, needs to be further investigated.
The immunohistochemical detection in this study showed that Cpn60 protein stains were obscure in normal pancreatic tissue, but unquestionably positive in specimens of SAP rats. It is obvious that the affected necrosing zones in the pancreatic acinar cells of SAP rats are the primary sites that stain positive for Cpn60. When acinar cells are severely damaged and disappear, light staining occurs. An interesting finding is that the expression of Cpn60 has been detected in normal rat pancreatic tissue by RT-PCR and western blotting, but very little by the immunohistochemical method. How should this be interpreted? In their study of the correlation of the membrane protein Ecto-F1-ATPase and MHC-I, Vantourout et al. recently reported that when MHC-I was expressed in sufficient quantity intracellularly, it formed a complex with Ecto-F1-ATPase and blocked antibody binding onto Ecto-F1-ATPase, resulting in negative staining of the protein (Vantourout et al. 2008) . Our results may have a similar explanation, i.e., when Cpn60 is functioning as a normal chaperone, does it combine with (Motic, Germany) . Results are expressed as mean±SD for three independent experiments using three rats at least. The average optical density (OD) represents the positive staining intensity. *p<0.01, compared with the normal control group **p<0.05, compared with the subgroup of SAP 5 h or SAP 10 h pancreatic enzymes and shield the antigenic epitopes and, hence, the pseudo-negative staining? In summary, during AP, the expression of both Cpn60 mRNA and protein showed a transient elevation in the pancreatic tissue of AP rats, predominantly in the affected, but not totally destroyed, pancreatic acinar cells. Thus, as AP progressed, pancreatic tissues were seriously damaged, leading to a decreased Cpn60 expression. The causality between the damage of pancreatic acinar cells and the decrease of Cpn60 level needs to be further investigated.
